lated and how this interrelationship affects other traits as they vary across cultivars. Principal component analy- were interrelated by plotting the PC values for each of the cultivars on three-dimensional axes. Cell wall mutants were identified from a mutagenized Arabi-
analysis was used in cotton to study genotypic variation weight in the equation. This equation implicates linear and backbone in agronomic and fiber traits (Brown, 1991) . Twenty polysaccharides as being most important in relation to seed weight.
fiber and seed traits were distilled into three PCs that Thus, individual polysaccharide types were correlated with either accounted for 60 to 70% of the variation. Brown (1991) yield, protein ϩ oil, or seed weight. Lower seed content of CWP was provided a graphical representation of how multiple correlated with beneficial changes in seed traits, suggesting that reducing genotypic traits could be used to show how cultivars CWP content may provide an additional seed trait improvement.
were interrelated by plotting the PC values for each of the cultivars on three-dimensional axes. Cell wall mutants were identified from a mutagenized Arabi-I n soybean seed, CWPs represent a significant portion dopsis population by using PCA of Fourier transformed of DM (Daveby and Aman, 1993; Stombaugh et al., infrared spectra (Chen et al., 1998) . Stem cell wall com-2000) . Cell wall polysaccharides are arrays of polymers position in maize was divided into PCs and used to forming complex matrices (Carpita and Gibeaut, 1993) develop regression equations for predicting stem degrawith individual polysaccharides, such as rhamnogalactdability (Jung and Buxton, 1994) . In soybean seed, CWP uronans or xyloglucans, being described and quantified are a composite of seed coat and embryo polysacchaby their linkages and monosaccharide composition (Asrides (Stombaugh et al., 2000) . The seed coat CWP are pinall et al., 1967) . However, the matrix formed from primarily cellulose and hemicellulose, and the cotyledon these polymers makes quantitation of individual poly-CWP are primarily pectin (Stombaugh et al., 2000) . Prinsaccharides difficult. Studies have compared cultivars cipal component analysis provides a means to analyze and species using methods that quantify monosacchacomplex mixtures such as seed CWP. rides after hydrolyzing the polysaccharides (Champ et Soybean CWP were negatively correlated with the al Daveby and Aman, 1993; Theander et al., sum of seed protein and oil content (Stombaugh et al., 1995) . This tends to conceal some relationships that 2000). Yet, soybean seed yield can be negatively correresult from different types of polysaccharides having lated with protein and seed weight, and positively corresome monosaccharide constituents in common. In soylated with maturity (Mansur et al., 1996) . Some negative bean seed, eight monosaccharides from CWP were correlations among seed constituents and seed traits quantified and their concentrations were found to be indicate that changing some constituents can be countercorrelated to various degrees (Stombaugh et al., 2000) .
productive to advancement of other traits. Selections By using additional statistical analyses, the correlations have been made to reduce or eliminate the negative among monosaccharides may be used to increase our correlation between protein and yield (Cober and Volunderstanding of how CWP in soybean seed are interredeng, 2000) . In seed, CWP are a potential source of carbon that may be diverted into protein and oil by correlated with yield as well. Therefore, information on tion within seed monosaccharide constituents of CWP from 13 soybean cultivars averaged across two years the relationships between seed CWP, yield, and other seed traits will aid in determining the usefulness of seand four locations (Table 1) . While signs were assigned to monosaccharides to make the PCs orthogonal, the lecting for lower seed CWP to produce improved soybean cultivars.
magnitude and direction of a factor loading within a PC determines the importance and relationship between The objectives of this study were to investigate the relationships among monosaccharide constituents of variables within a component (Stevens, 1986; Chatterjee and Price, 1977) . Principal Component 1 accounted for CWP and between CWP, yield, and seed traits as they varied in a population of 13 cultivars adapted to Minne-38.3% of the variation in CWP and was positive for galactose, rhamnose, and fucose, and negative for mansota. These relationships were described using PCA in conjunction with stepwise regression to provide a denose (Table 1) . Principal Component 2 accounted for 19.5% of the variation and was positive for arabinose tailed description of soybean seed CWP and to determine which CWP were related to yield, maturity, proand glucose. Principal Component 3 accounted for 16.2% of the variation and was negative for xylose and tein, oil, protein ϩ oil, and seed weight. The analysis of these relationships provides a framework for future positive for glucose and uronic acids. Principal Component 4 accounted for 9.1% of the variation and was experiments to investigate the association between CWP, yield, and seed traits in soybean.
negative for uronic acids. Together, these components accounted for 83.1% of the monosaccharide variation within CWP.
MATERIALS AND METHODS
Galactose, rhamnose, fucose, and mannose were the Soybeans of Maturity Groups 00 to I ('Bert', 'Council', major monosaccharides described in PC1 (Table 1) . In
Proto', and 'Toyopro') were cotyledons and in galactomannans in seed coats (Morita, grown in 1995 at Lamberton, Waseca, Rosemont, 1965a Aspinall et al., 1967) . Originally, arabinogalacand Becker, MN, as described previously (Stombaugh et al., tans in soybean seed were thought to be distinct from 2000) . The cultivars were grown in standard yield plots and the rhamnogalacturonans (Aspinall et al., 1967) was no reduction of mannose in seed coat soybean meal following protease treatment (1998, unpublished data) . Therefore, the source of variation in mannose that was
RESULTS AND DISCUSSION
negatively related to pectin in PC1 could have been
Principal Component Analysis of Seed
due to variation in mannosylated protein within the
Cell Wall Polysaccharide
cotyledon, variation in mannans within the seed coat or cotyledon, or some combination of these. Principal components were calculated using eight monosaccharides that constitute CWP to describe the variaPrincipal Components 2 and 3 with contributions CWP responsible for the correlation between protein ϩ ** P Ͻ 0.01.
oil and CWP observed earlier (Stombaugh et al., 2000) . A decrease in these monosaccharides would relate to from glucose or xylose (Table 1 ) may describe variation an increase in protein ϩ oil. within cellulose, xylans, or xyloglucans. Arabinose varGenotypic variation for yield and maturity was signifiied with PC2 and is confined to that PC. In contrast, cant for the 13 Minnesota cultivars used in this study uronic acids varied with PC3. Because of the variety (Table 3) . Yield exhibited some genotype ϫ location of polysaccharides comprised by arabinose, xylose, or interaction, but this was a minor portion of the total glucose, whether PC2 and PC3 describe a particular variation (data not shown). Maturity exhibited no tissue or polysaccharide type cannot be absolutely detergenotype ϫ environment effects in these studies (data mined from these data. In cauliflower (Brassica oleracea not shown). Yield was significantly negatively correlated L. var. botrytis L.), pectic compounds were consistently with PC2 (Table 2 ) and positively correlated with matufound in association with xylan and xyloglucans (Femerity (Table 4 ). Yield and maturity were shown to be nia et al., 1999a,b). Extraction and enzymatic degracorrelated previously (Mansur et al., 1996) . The negative dation analysis of CWP demonstrated that xylose and correlation between yield and PC2 shows that in higher arabinose were commonly found in similar polymer yielding cultivars glucose-containing polysaccharides fractions in soybean meal (Huisman et al., 1999) . Thus, that vary with arabinose-containing polysaccharides it should not be surprising to observe a pectin constitwere lower. The polysaccharides or association between uent such as arabinose varying with xylose or glucose.
polysaccharides that was described by PC2 would be Within pectin, arabinose is found in arabinans and in valuable to have quantified as a specific polysaccharide specific ratios with galactose in arabinogalactans purior as quantities of polysaccharides in association with fied from soybean cotyledon meal (Morita, 1965a,b; As- each other to demonstrate whether they will reproducipinall and Cottrell, 1971). Arabinose and galactose conbly show a correlation with yield. tent were related to cell wall development in several
Stepwise regression of the individual monosacchaother studies (Nishitani and Masuda, 1979; Kikuchi et rides against yield produced a model with only arabinose al., 1996). The percentage of galactose decreased and and galactose being significant ( (Table 1) , and they were not correwall maturity and distance from the apex increased (Nislated in these data (r ϭ 0.02). The significance of these hitani and Masuda, 1979) . Arabinose and galactose vartwo monosaccharides is more easily shown by calculating ied in the amount attached as sidechains on rhamnogalacturonans in Daucus carota L. callus culture (Kikuchi be responsible for variation seen in total CWP. The correlation between PC1 and protein ϩ oil and the lack † Means within a column and followed by same letter are not significantly different by LSD (P ϭ 0.05).
of correlation between protein ϩ oil and any of the a ratio of arabinose to galactose. Across cultivars, Ara:Gal nose between 38 and 48 d after flowering. During this period, fresh weight peaked, dry weight had almost varied significantly from 0.47 to 0.59 (LSD0.05 ϭ 0.02) and 45% of the variability as defined by total mean reached its maximum, and cotyledon yellowing due to maturation commenced. In another study, the proporsquares was genotypic (Table 6 ). Genotypic variation in arabinose and galactose was 21 and 25% of the total tion of galactose increased and the proportion of arabinose and xylose decreased with increasing cotyledon mean squares, respectively (Stombaugh et al., 2000) , suggesting that Ara:Gal was under tighter genotypic age in cotyledons harvested simultaneously across developmental stages (Sasaki, 1983) . In either case (Sasaki, control than the amounts of the individual monosaccharides. Thus, the variation of branching within arabinoga-1983; Koch et al., 1999) , the composition of polysaccharide produced changed during development, suggesting lactans across cultivars was significant and large enough for arabinose and galactose to appear uncorrelated; or that the final arabinose and galactose content would be related to cell wall development up to the point of dry a significant part of the arabinose was in simple arabinans or another type of polysaccharide not associated down. It has not been shown to what extent the change during development in arabinose to galactose was due with galactose.
The amounts of arabinose and galactose in a soybean to genotypic variation or what significance changes over development may have on yield and other seed traits. cotyledon change during development (Sasaki, 1983; Koch et al., 1999) . In one study, the proportion of galacWhen relating yield, maturity, Ara:Gal, and cell wall development in soybean seed, Ara:Gal was negatively tose in CWP remained unchanged while the proportion of arabinose increased (Koch et al., 1999) during seed correlated with yield and maturity (Table 4 ) with longer development. There was a significant increase in arabimaturing, higher-yielding cultivars having lower Ara:Gal ratios. It is unknown to what extent maturity is associ- Ara:Gal has a direct affect on yield or is simply an ** Differences significant at the 0.01 probability level.
indicator of cell wall development.
Seed Weight
were significant in a stepwise regression equation for yield. Further, Ara:Gal was negatively correlated with Regressing seed traits on the PCs using stepwise reyield, and maturity and may be an indicator of the avergression provided an equation for seed weight (Table 5) age stage of cell wall development for a cultivar at matuwith the other traits being insignificant. Principal Comrity. Determining whether Ara:Gal is developmentally ponents 2, 3, and 4 combined to form an equation with regulated and whether deliberately altering the ratio an R 2 of 0.69 for seed weight (Table 5) . In Table 4 , would change yield and maturity would demonstrate glucose was correlated with seed weight while the other what role these CWP have in determining yield and mamonosaccharides were not. However, PCA recombined turity. the monosaccharide variation into components that when Principal Component 1 was negatively correlated with used in regression analysis achieved a greater correlation protein ϩ oil and PC2 was negatively correlated with between monosaccharides and seed weight (Table 4) .
yield. Principal Component 1 described a galactose and Seed size was shown to be positively correlated with rhamnose-containing portion of pectin while PC2 decell number (Guldan and Brun, 1985) and seed growth scribed part of the cellulose or hemicellulose variability rate was positively correlated with seed weight and cotyand an arabinose-containing component. Reduction of ledon cell number (Munier-Jolain and Ney, 1998) . The most pectin monosaccharides within PC1 and the signifinumber of cells created during the cell division phase cant monosaccharides within PC2 were associated with of development is a strong indicator of final seed weight.
increased oil, protein, and yield. The results indicate Cells would need some minimal amount of cell wall that further reductions in the content of seed CWP or material to form primary cell walls. Beyond that, the alterations in composition may be beneficial to improvamount of thickening or secondary wall may vary. Reing seed traits. gression of seed weight against the PCs suggests that PC 2, 3, and 4 describe CWP that are involved in de
